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ABSTRACT 
Rates of nitrogen (N) fertilization usually are selected with the intent 
of maximizing profits for producers. The most commonly used method of 
estimating N fertilizer needs, however, does not directly relate rates to 
profits. This problem was addressed by developing methodology for 
calculating economic optimum rates (EORs) of N fertilization from large 
amounts of data collected in trials using precision farming technologies. 
Distinctions were made between ex post and ex ante EORs and between 
EORs for individual trials and for samples of trials. Emphasis was placed on 
collecting and identifying appropriate samples of yield responses to N. 
Because ex post EORs are calculated for the sole purpose of calculating ex 
ante EORs, an appropriate sample must adequately represent the spatial 
and temporal variability in yield responses within a specified area of 
interest. Cumulative distribution functions were used to characterize 
variability in yield responses. Discrete marginal analysis was used to 
identify break-even rates of fertilization and rates that gave a desired level of 
profit on the last increment of fertilizer. The complement of the relative 
variance method and analysis of profit increases were used to evaluate 
alternative methods for classifying variability in yield responses. The 
profitability of classification was estimated by calculating ex post EORs for 
the whole sample and for subdivisions of this sample. Evidence presented 
suggests that effective systems for classification may have to consider 
xi 
factors that have received little attention in the past. A new procedure for 
calculating ex post EORs was defined as four steps; (i) define the range of 
conditions under consideration, (ii) collect an appropriate sample of yield 
responses, (iii) perform economic analyses on this sample, and (iv) explore 
the possibility that profits could be increased by dividing the sample into 
two or more populations that have different ex post EORs. Steps iii and iv 
should be repeated many times to evaluate all possible systems of 
classification. Application of two near-optimal rates of N in alternating strips 
across large areas of land was identified as a simple, efficient, and effective 
way to generate data needed for calculating ex post EORs by this method. 
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CHAPTER I: GENERAL INTRODUCTION 
Rates of nitrogen (N) fertilization for com are usually selected with the 
intent of maximizing profits for producers. The rate intended to maximize 
profits is called the economic optimum rate (EOR). An EOR is identified by 
conducting field studies in which various rates of N are applied and yields 
are measured. A model then is fit to describe the relationship between N 
rates and yields, and the model is solved to identify the rate where the 
marginal value of the crop produced equals the marginal cost of fertilizer 
applied. Observations made in the past are used to predict EORs in the 
future. 
Although methods for calculating individual EORs are well 
established, there is a lack of clear and established methodology for 
calculating EORs that address large amount of temporal and spatial 
variability in individual EORs. This is a serious problem when estimates of 
fertilizer needs for the future are based on observations made in the past. 
Efforts to develop such methodology have been hindered by several 
problems, including bias of models used when calculating EORs. These 
problems are so severe that they may help to explain why estimate of 
fertilizer needs to com are still often based on an N-balance sheet approach, 
which cannot be directly linked to profits for producers. 
The advent of precision farming technologies offers new opportunity to 
collect unprecedented amounts of yield response data over large areas. 
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These technologies make it practical for corn producers to apply fertilizer 
treatments in strips going the lengths of their fields, to measure grain yield 
responses by using combines with yield monitors and GPS, and therefore, to 
collect yield response data needed to calculate EORs. However, there is a 
lack of generally accepted methodology for calculating EORs from data 
collected by using these technologies. 
The specific objective of this dissertation was to develop a 
methodology for calculating EORs from large numbers of observations of 
corn yield response to N collected in trials using precision farming 
technologies on the scale of farms. 
Dissertation organization 
The dissertation is organized into 5 chapters. The first is the general 
introduction to the dissertation. The second chapter is a paper published in 
the Soil Science Society of America Journal. The next 2 chapters are 
manuscripts to be submitted for publication to the Agronomy Journal. The 
final chapter is a general conclusion. 
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CHAPTER II. SOIL pH EFFECTS ON NITRIFICATION OF FALL-
APPLIED ANHYDROUS AMMONIA 
A paper published in the Soil Science Society of America Journal1 
Petro M. Kyveiyga, Alfred M. Blackmer*, Jason W. Ellsworth, and Ramon 
Isla 
ABSTRACT 
Soil temperature at the time of application has been the primaiy 
factor used to predict rates of nitrification and assess the risks associated 
with losses of N applied in the fall as anhydrous ammonia in the Corn Belt. 
We report studies assessing the importance of soil pH as a factor affecting 
nitrification rates and losses of this N before corn {Zea Mays L.) begins rapid 
growth in June. Data were collected in a series of field studies conducted 
during 4 yr. Anhydrous ammonia was applied in the fall after soils had 
cooled to <8°C, and soils were sampled before corn plants emerged in the 
spring. Soil pH ranged from < 6.0 to >7.5. Significant relationships between 
soil pH and percentage nitrification were observed each year. Means of 
measurements made in mid-April (when planting begins) indicated 89% 
nitrification of fertilizer N in soils having pH >7.5 and 39% nitrification of 
this N in soils having pH <6.0. The finding that soil pH influenced when 
nitrification occurred helps to explain why the effects of nitrification 
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inhibitors have been variable in this region. Significant relationships 
between soil pH and recovery of fertilizer N as exchangeable NH4+ and NO3 
were observed in years with above-average rainfall before samples were 
collected in April. The effects of soil pH on nitrification, therefore, influenced 
the amounts of NO3 lost by denitrification or leaching during spring rainfall. 
The observed effects of pH on nitrification rates suggest that economic and 
environmental benefits of delaying application of fertilizer N may be greater 
in higher-pH soils than in lower-pH soils. 
1 Reprinted with permission of Soil Sci. Soc. of Am. J., 68:545-551 (2004) 
P.M. Kyveryga and A.M. Blackmer*, Dep. of Agronomy, Iowa State Univ., 
Ames, IA 50011; J.W. Ellsworth, University of Idaho, Twin Falls Research 
and Extension Center, Twin Falls, ID 83303-1827; R. Isla, Agricultural 
Research Service, Government of Aragon, Zaragoza, Spain. This journal 
paper of the Iowa Agric. and Home Econ. Exp. Stn., Ames, IA, Project no. 
4003, was supported by Hatch Act and State of Iowa Funds. Received 31 
Mar. 2003. Corresponding author fablackmiT@iastate.edu). 
INTRODUCTION 
Anhydrous ammonia is the most widely used form of fertilizer N in the Com 
Belt and is applied to many fields in October or November for corn to be 
planted in April or May. Fertilizing some fields in the fall and others in the 
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spring creates a wider period for fertilizer application and enables more 
efficient use of the relatively expensive facilities and equipment needed to 
store this gaseous form of N, transport it to farms, and inject it into soils 
(Kurtz and Smith, 1966; Pesek et al., 1971; Aldrich, 1980; Black, 1984; 
Peterson and Voss, 1984; Randall et al., 1985). Fall applications also reduce 
the number of field operations that must be done within a short period in 
the spring and thereby make it practical for farmers to manage more 
hectares planted to corn. Ample time is available for fall applications 
because corn usually is preceded by soybean [Glycine max (L.), Merr.], which 
normally is harvested by mid-October. Anhydrous ammonia usually cannot 
be applied after November or before April because soils either are frozen or 
too wet. 
It has been recommended that fall applications of N be delayed until 
soil temperature has decreased to 10°C at a depth of 10 to 15 cm (Nelson 
and Hansen, 1968; McVickar and Walker, 1978; Follett et al., 1981). The 
underlying assumption is that nitrification is strongly inhibited by low 
temperatures during winter months, so fertilization in late fall instead of 
early spring does not significantly increase the potential for losses of the 
fertilizer N by leaching or denitrification of NOs when excess water is 
present during the fall-through-spring period. A review by Schmidt (1982), 
for example, indicates that nitrifying organisms are essentially inactive in 
cold soils and that such limitations prevail until temperatures increase to 4 
6 
or 5°C. However, nitrification has been observed in frozen soils (Nyborg and 
Malhi, 1979) and there is evidence that the cumulative effect of relatively 
slow nitrification in cold soils could be important during the fall-to-spring 
period (Frederick, 1956; Sabey et al., 1959; Anderson and Boswell, 1964; 
Frederick and Broadbent, 1966; Sabey, 1969; Campbell et al., 1973; Gomes 
and Loynachan, 1984; Haynes, 1986). More information concerning rates of 
nitrification during the fall-through-spring period is needed because 
Balkcom et al. (2003) showed that March through May rainfall is a major 
factor affecting losses of N from fertilized cornfields to rivers before plants 
begin rapid growth in June. 
Soil pH usually is not considered to be an important factor affecting 
rates of nitrification of fall-applied N because agricultural soils of the Corn 
Belt usually have pH values between 5.5 and 8. Reviews relevant to fertilized 
agricultural soils (Pesek et al., 1971; Russell, 1973; Schmidt, 1982) report 
that nitrification rates in soils are little affected by soil pH within this range. 
Reviews relevant to nitrification in nonfertilized soils (Grant, 1994; Stark 
and Firestone, 1996; Norton, 2000) do not discuss the effects of pH on 
nitrification as an independent step in the overall process of N 
mineralization. It is well established, however, that nitrification is relatively 
slow at pH values <5.5 (Alexander, 1965; Sahrawat, 1982; Schmidt, 1982). 
There is some evidence that soil pH in the range of 6 to 8 could 
influence nitrification rates in soils. The pH of artificial growth media is 
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known to strongly influence the activity of nitrifying microorganisms, with 
maximum growth at pH values in the range of 7.5 to 8.2 (Waksman and 
Starkey, 1931; Alexander, 1965; Norton, 2000). Effects of soil pH on 
nitrification in the range of 6 to 8 have been observed (Eagle, 1961; Morrill 
and Dawson, 1967; Dancer et. al., 1973; Focht and Verstraete, 1977; Kissel 
et al., 1985; Tlustos and Blackmer, 1992). Part of this effect may be due to 
the presence of carbonates found at the higher pH values (Schmidt, 1982; 
Kinsbursky and Saltzman, 1990). Carbonates can provide a source of CO2 
needed for growth of the autotrophic organisms involved. However, these 
effects have not been linked to problems related to nitrification and losses of 
fall-applied N. 
In this article, we describe a series of field studies that assess the 
importance of soil pH as a factor affecting the rates at which N from fall-
applied anhydrous ammonia is nitrified in soils and the potential for losses 
of this N before plants grow. The studies began with an initial survey to 
assess percentage nitrification and recovery of fall-applied anhydrous 
ammonia-N in fields after a relatively warm winter and wet spring. This was 
followed by 2 yr of spring observations in fields where anhydrous ammonia 
had been applied in the fall with and without a nitrification inhibitor. A 
follow-up study was conducted to observe rates of nitrification during the 
first month after fall application. The effects of nitrification inhibitors were 
studied because these compounds are often used to delay nitrification of 
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fall-applied anhydrous ammonia and thereby reduce losses of fertilizer N 
before crops grow (Hendrickson et al., 1978; Keeney, 1980; Hoeft, 1984; 
Hauck, 1985; Mengel and Rehm, 2000). 
MATERIALS AND METHODS 
Studies were conducted in fields within the Clarion-Nicollet-Webster 
and Canisteo-Nicollet-Webster soil associations of central Iowa. These soils 
were developed on calcareous glacial till that was deposited about 12000 yr 
ago (Prior, 1991). The landscape of this area is flat to gently rolling, divided 
into fields (usually 400 by 800 m) for management, and dominated by a 
corn-soybean cropping system. A noteworthy characteristic of this region is 
that soils often range from relatively acid (pH < 6.0) to highly calcareous 
(CaCOa equivalent often exceeds 10 %) within the same field. Major soil 
series in the fields studied were Clarion (fine-loamy, mixed, superactive, 
mesic Typic Hapludolls), Nicollet (fine-loamy, mixed, superactive, mesic 
Aquic Hapludolls), Webster (fine-loamy, mixed, superactive, mesic Typic 
Endoaquolls), Harps (fine-loamy, mixed, mesic Typic Calciaquolls), and 
Canisteo (fine-loamy, mixed, superactive, calcareous, mesic Typic 
Endoaquolls). 
The first phase of the study (an initial survey) involved sampling 11 
fields in mid-April of 1998 to assess recovery of fall-applied N following a 
relatively warm fall and relatively large amounts of rainfall in early spring 
(Fig. 1 and 2). Farmers had applied anhydrous ammonia to each field the 
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previous fall in accordance with their normal practices. The times of 
application ranged from mid-October to early December, and the rates of 
application ranged from 150 to 190 kg N ha-1. 
The second phase of the study (the main part) involved fall application 
of fertilizer treatments in strips going the lengths of 6 fields (3 in 1998 and 3 
in 1999) and sampling soils to assess fertilizer recovery the next spring. The 
treatments included anhydrous ammonia with and without a nitrification 
inhibitor applied in adjacent strips (Fig. 3). The inhibitor was nitrapyrin [2-
chloro-6-(trichloromethyl)-piridine], which is marketed as N-Serve by Dow 
AgroSciences (Indianapolis, IN). The anhydrous ammonia was applied to a 
depth of about 20 cm by using a state-of-the-art applicator (DMI Nutri-
placr, model 6000, DMI Inc., Goodfield, IL) used in production agriculture. It 
fertilized a swath 12.2 m wide (16 knives spaced 76 cm apart) and could 
inject nitrapyrin (0.56 kg a.i. ha1) into the fertilizer as needed. It was 
equipped with radar and a Raven 750 (Raven Industries Inc., Sioux Falls, 
SO) monitor to adjust flows of ammonia for changes in ground speed and 
desired rates of N application. Calibrations were established as the 
applicator was used across hundreds of hectares that were fertilized before 
the research trials. Uniformity of N applications across the width of the 
applicator (i.e., among knives) was verified by remote sensing of corn canopy 
reflectance (Blackmer and White, 1998) each year the applicator was used. 
The ammonia was applied to three fields at a constant rate within each field. 
The rates ranged from 140 to 156 kg N ha-1 for the fields fertilized in the late 
November of 1998 and 112 kg N ha"1 for the fields fertilized in late November 
of 1999. Soil temperature at 1000 h on days of applications was always 
<8°C at a depth of 15 cm. 
Follow-up studies (the third phase) involved sampling three 36-ha 
fields on December 20 of 2001 after anhydrous ammonia (without inhibitor) 
was applied on 18 November. Fertilizer was applied at a rate of 140 kg N ha~ 
1
. This follow-up study was prompted by unusually warm fall weather 
conditions and by observations that fall-applied N in the preceding years 
had nitrified more rapidly than initially expected. 
None of the fields were tilled between fertilization and sampling, so 
tracks left by knives of the applicator could be identified in the spring. Soil 
samples in the second phase of the study were collected in April of 1999 and 
2000 from 8 to 15 matched pairs (one with the inhibitor, one without the 
inhibitor) of test areas within each field as illustrated in Fig. 3. The matched 
pairs of test areas (3.5 % 6.2 m) were positioned so that apparent soil 
variability (i.e., elevation, soil series from survey maps, landscape position, 
surface roughness, and residue cover) within each pair of test areas was as 
small as possible, but apparent soil variability among test areas represented 
the widest possible range in landscape positions within the fields. 
The soil in each test area was sampled within and between fertilizer 
bands at specified sampling points (Fig. 3) by using an auger 30 cm in diam. 
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and powered by a gasoline engine. The sampling depth (45 cm) was selected 
to include fertilizer-derived NO3 that had moved downward from the 
fertilizer band but remained within the plant-rooting zone. Sampling to 
greater depths was not possible because fluctuating water tables often were 
found in the surface meter when the soils were sampled. The auger removed 
all soil from holes to the depth sampled, 25-kg samples of this soil were 
placed in tubs, and a small gas-powered rototiller was used to mix this soil. 
Two composite samples (500 g) were taken to the laboratory from each test 
area, one was derived from five sampling points that centered on fertilizer 
bands and the other was derived from three sampling points collected 
between fertilizer bands (Fig. 3). 
Soil sampling methods used in Phases 1 and 3 were similar to those 
used in phase 2, but sampling in Phase 1 was done within single test areas 
rather than matched test areas. Other exceptions were that the sampling 
depth was 30 cm in Phase 1 and sampling time was mid-December in Phase 
3. 
Portions of the field-moist composite samples were extracted with 1M 
KC1, and the extracts were analyzed for NO3" and exchangeable NH4+ by 
using steam distillation as described by Keeney and Nelson (1982). Other 
portions were dried for determination of moisture and pH. Soil pH was 
determined in the soil samples collected between bands by using an ion 
selective electrode after adding deionized water (2.5 mL water g"1 soil). 
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Recovery (i?) of anhydrous-ammonia-derived N (kg ha1) during 
sampling was calculated as 
# = KD(F, - Q, [1] 
where Fi refers to mg kg 1 of (NO31 plus NH4+)-N in samples that included 
fertilizer bands and Q refers to mg kg"1 of (NO3 plus NH4+)-N in samples 
collected between fertilizer bands. The coefficient K is needed to convert 
concentrations in the area actually sampled (by the 30-cm auger) to the 
area (30 by 76 cm) assumed to be fertilized by the 30-cm segment of a band. 
D converts mg kg1 of (NO3- plus NH4+)-N to quantities of N (kg ha1) within 
the layer of soil sampled (6.72 when soils were sampled to 45 cm, and 4.48 
when soils were sampled to 30 cm). Bulk density was estimated to be 1.45 g 
cm"3 on the basis of earlier measurements. Samples collected between 
bands were used as controls to distinguish fertilizer N from N already 
present in soils because many studies (Blue and Eno, 1954; Mcintosh and 
Frederick, 1958; Cochran et al., 1973; Hogg and Henry, 1982; Robbins and 
Voss, 1989) have shown that little NH4+ or NO3 derived from anhydrous 
ammonia moves more than 10 cm laterally from the point of injection within 
the depths sampled. 
Percentage recovery (F) of applied-N was calculated as 
f = 100#/A, [2] 
where R is defined in Eq. [1] and A is the rate (kg N ha1) of fertilizer-N 
application. 
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Percentage nitrification (Ç) of fertilizer N was calculated as 
Q = 100KD(#v- [3] 
where FN refers to concentrations of NOs'-N (mg kg-1) collected in samples 
that included fertilizer bands and Gv refers to concentrations of NO3-N (mg 
kg-1) in samples collected between fertilizer bands. K, D, and R are defined 
as in Eq. [1], 
The effects of soil pH on percentage recovery of N and percentage 
nitrification of fertilizer N were studied by simple regression analyses using 
a SAS statistical package (SAS Institute., 1996). Mean monthly air 
temperature and precipitation for Central Iowa (measured at two locations) 
and mean 30-yr weather data (1971-2000) were obtained from National 
Climatic Data Center, Ashe ville, NC (available at: 
http: //lwf.ncdc.noaa.gov/oa/ climate/onlineprod/drought/xmgrgl.html; 
verified 25 Nov. 2003). 
RESULTS AND DISCUSSION 
Percentage Nitrification 
Percentage nitrification of fertilizer N between application and 
sampling increased linearly with increase in soil pH in each of the 4 yr. (Fig. 
4). These relationships provide compelling evidence that rates of nitrification 
were influenced by soil pH in the range of 6 to 8. 
A noteworthy exception to the linear pH effects occurred in 1999 when 
nitrification was essentially complete where the inhibitor was not applied. 
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This exception illustrates that linear relationships between soil pH and 
percentage nitrification should be expected only when measurements are 
made within a specific period; nonlinear relationships should be expected if 
measurements are made slightly earlier or later than optimal. Even great 
effects of soil pH on nitrification rates cannot be detected if measurements 
are made too early or too late. 
The follow-up study in the fall of 2001 (Fig. 4d) was prompted by 
recognition of the critical importance of sampling time when assessing the 
effects of soil pH on nitrification rates. It seemed likely that April of 1999 
was too late to observe the effects of the higher pH values on nitrification of 
N applied without the inhibitor in the fall of 1998, which had relatively 
warm weather during the fall and winter (Fig. 1). The fall of 2001 provided 
opportunity to test this hypothesis because temperatures during November 
and the first half of December were considerably above normal (mean 
temperatures were 9°C for November and 0.4°C for December). Observations 
made about a month after fall application confirmed that the effects of pH in 
the range of 6 to 8 were clearly expressed on nitrification if measurements 
were made at an appropriate time. 
Substantial variation in percentage nitrification was observed within a 
narrow range of pH values in some years (Fig. 4). Such variation should be 
expected because soil pH values were measured on samples derived from all 
depths rather than the specific depth where nitrification occurred. Marked 
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variation at high pH values in Fig. 4d, for example, can be explained if the 
sampling mixed highly calcareous materials from lower depths with 
relatively acidic soil at the depth of fertilizer injection. Such mixing was 
observed at some sampling points. Although problems associated with the 
mixing of soil materials from different depths undoubtedly reduced r2 values 
for the relationships observed, these problems do not invalidate the 
conclusion that soil pH had important effects on rates of nitrification. 
Important effects of pH on nitrification in the range of 6 to 8 may have 
gone undetected in the past because measurements were not made on time 
scales that could reveal these effects. The studies of Sahrawat (1982), for 
example, were conducted on a time scale appropriate for relatively slow 
nitrification in soils having pH <5. Nitrification in soils having pH > 6.0 was 
essentially complete at the first sampling time, so any effects of pH on 
nitrification in the range of 6 to 8 could not have been detected. 
There clearly is greater potential for expression of pH effects on 
nitrification in soils having fertilizer-derived NH4+ than in soils not having 
such NH4+. In our study, the mean concentration of NH4+ in samples 
collected between bands (0.9 mg N kg1) was much less than the mean 
concentration (13.2 mg N kg1) in samples that contained fertilizer bands. 
The mean concentration of NOs in samples collected between bands (6.5 mg 
N kg1) was much less than the mean concentration (36.0 mg N kg1) in 
samples that contained fertilizer bands. Unlike in recently fertilized soils, 
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supplies of NH4+ generated by mineralization of soil organic matter often 
present the primary limitation on rates of nitrification in soils not recently 
fertilized. Reports that soil pH has no apparent effect on nitrification in 
nonfertilized soils (Grant, 1994; Stark and Firestone, 1996; Norton, 2000), 
therefore, do not contradict evidence that significant effects of pH occur in 
the soils where NH4+ is added. 
The observed effects of pH on nitrification in the range of pH from 6 to 
8 are consistent with observations of nitrifier growth in artificial cultures 
(Waksman and Starkey, 1931; Alexander, 1965; Norton, 2000). The amount 
of care taken to ensure that nitrifier activity is not limited by NH4+ may be a 
key factor explaining why the observed effects of pH on microbial growth in 
artificial cultures have seemed different than those observed during 
nitrification in soils. Abundant supplies of NH4+ and CO32" in moist soils 
buffered at optimal pH values could be expected to essentially maximize 
rates of nitrification at any given temperature. The effects of temperature 
still are important, however, and probably explain much of the variability in 
extent of nitrification among years. 
Nitrification Inhibitor Effects 
The effects of nitrapyrin were much greater in 1999 than in 2000 (Fig. 
4). A likely reason for the difference between these years is that relatively 
cold weather in December preceding the 2000 crop resulted in less 
nitrification in the fall (Fig. 1). Delaying nitrification from fall to spring 
should be expected to reduce the effectiveness of nitrapyrin because this 
inhibitor gradually hydrolyzes to inactive forms in soils (Bremner et al., 
1978; Hauck, 1980). By influencing when nitrification occurred in the soils, 
therefore, soil temperature influenced the effectiveness of the inhibitor. 
Analysis of variance showed that the effects of the nitrification inhibitor 
were significant (p < 0.05) even though regression analyses indicated that 
the effects of the nitrification inhibitor were less than the effects of half a pH 
unit for the data collected in 2000 (Fig. 4). 
In 1999, the observed effects of the nitrapyrin were smaller in the 
higher-pH soils than in the lower-pH soils (Fig. 4). Hendrickson and Keeney 
(1979) observed similar effects of soil pH on inhibitor efficacy and suggested 
that the smaller effect of the nitrification inhibitor in high-pH soils could be 
attributed to rapid nitrifier recovery and growth after the inhibitor became 
inactive in the soil. This explanation is reasonable because nitrapyrin has 
been shown to be effective in high pH soils (Bundy and Bremner, 1974, 
Blackmer et. al., 1980). The smaller observed effects of inhibitor in the 
higher-pH soils, therefore, can be explained by recognizing that 
measurements were made too late to detect the effects of the inhibitor in the 
higher-pH soils even though they were not too late to detect these effects in 
the lower-pH soils. 
The preceding discussion indicates that the effects of pH on rates of 
nitrification complicate the task of assessing efficacy of nitrification 
inhibitors. The observation that effects of inhibitors are more consistent in 
soils of the eastern than of the western Corn Belt (Mengel and Rehm, 2000) 
could be explained by recognizing that some of the soils in the western Corn 
Belt have higher pH values, the presence of CO32 , and higher rates of 
nitrification with and without nitrapyrin. There is need to explore the 
possibility that the effects of nitrification inhibitors would be more 
consistent if the inhibitors were used and evaluated with a greater 
appreciation for the effects of pH on nitrification rates. 
Recovery of Fertilizer Nitrogen 
Significant relationships between soil pH and recovery of fertilizer N 
as (NOs* plus exchangeable NH4+)-N were observed for the data collected in 
1998 and 1999 (Fig. 5a,b) but not for the data collected in 2000 and 2001 
(Fig. 5c,d). Much of this difference among years is probably due to amounts 
of rainfall that occurred and, therefore, the amounts of NO3 lost by leaching 
and denitrifïcation. The amounts of rainfall that occurred between fertilizer 
application and soil sampling were greater in the first 2 yr than the second 
2yr. 
Data for the 1999 cropping season are of special interest because, as 
shown in Fig. 4, the nitrification inhibitor greatly reduced percentage 
nitrification of fertilizer N in the lower pH soils. Data presented in Fig. 5 
show that this reduction in percentage of nitrification resulted in increased 
recovery of fertilizer N in this season, which had weather conducive for 
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losses of NO3 by leaching or denitrifïcation. These observations illustrate 
that more rapid nitrification, whether due to higher pH or lack of inhibitor, 
increases the potential for losses of NO3 by leaching or denitrifïcation 
during spring rainfall. 
Large amounts of rainfall tend to occur in May and June in this 
region (Fig. 2), so the effects of nitrification inhibitors can be masked by 
rainfall that occurs after nitrification is complete with the inhibitor. A key 
underlying problem is that nitrification inhibitors only delay nitrification in 
soils and the delays often are not long enough to prevent N losses. Because 
of differences in rates of nitrification, this seems to be a greater problem in 
the higher-pH soils than in the lower-pH soils. 
Relationships analogous to those presented in Fig. 5 but based solely 
on recovery of fertilizer N as NH4+ (data not shown) clearly support the 
conclusion that nitrification rates were influenced by soil pH. Unlike data 
presented in Fig. 5, however, some of the relationships could be incorrectly 
interpreted by assuming that all effects of pH could be explained by greater 
volatilization of NH3 in higher-pH soils. This observation illustrates that 
recovery of fertilizer N as NO3 was necessary to show that soil pH had 
effects on nitrification in the soils. 
Recoveries of fertilizer N as NO3 and exchangeable NH4+ sometimes 
were highly variable within a narrow range of soil pH. It is not possible to 
determine the extent to which this variability was because of (i) nonuniform 
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applications of fertilizer, (ii) errors associated with sampling, (iii) other 
factors affecting losses of N from soils, or (iv) transformations of N to forms 
other than NOs or exchangeable N1HU+. The finding that large amounts of 
variability cannot be explained by the methods used, however, does not 
negate evidence that soil pH should be considered an important factor 
affecting nitrification and losses of fall-applied anhydrous ammonia. 
CONCLUSIONS 
Soil pH within the range of 6 to 8 must be considered an important 
factor affecting the risks and benefits associated with fall applications of 
anhydrous ammonia under climatic conditions found in the Corn Belt. 
Relatively rapid nitrification in the higher-pH soils increases the potential 
for early season losses of fertilizer N by leaching and denitrifïcation of NO3-
before plants begin rapid growth and uptake of N in June. Although these 
effects of pH have not been generally recognized, they are consistent with 
observations made in studies of nitrifier growth in artificial media and in 
soil studies where the effects of pH were not limited by depletion of NH4"1". 
Effects of pH within this range seem to have passed undetected because 
experimental methods have been designed to accommodate relatively slow 
rates of nitrification under more acid conditions. The previously 
unrecognized effects of soil pH on nitrification may help to explain the 
observed variability in the effectiveness of nitrification inhibitors in regions 
that have high-pH soils. The observed effects of pH on nitrification rates 
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suggest that the economic and environmental benefits of delaying 
application of fertilizer N may be greater in higher-pH soils than in lower-pH 
soils. 
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Figure 1. Mean monthly air temperature for Central Iowa. 
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Figure 2. Mean monthly precipitation for Central Iowa. 
30 
Fertilized strips with and without inhibitor 
Matched pair Test area with Sampling point 
of test areas fertilizer bands (30-cm dia.) 
(3.5 m by 6.2 m) 
Figure 3. Schematic diagram of a field having several soil map units, 
fertilizer applicator swaths with and without nitrification inhibitor, matched 
pairs of test areas in the applicator swaths, and sampling points within the 
test areas (not to scale). 
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CHAPTER III. ESTIMATING EX POST ECONOMIC OPTIMUM 
RATES OF NITROGEN FERTILIZATION BY DISCRETE 
MARGINAL ANALYSIS 
A paper to be submitted to the Agronomy Journal 
Petro M. Kyveryga and Alfred M. Blackmer 
ABSTRACT 
Systematic errors in methods used to calculate economic optimum 
rates (EORs) of N fertilization are a problem when refining estimates of N 
fertilizer needs for corn (Zea Mays L.). We conducted studies to determine 
the extent to which this problem could be reduced by recognizing the 
difference between ex post and ex ante EORs and by focusing analyses on 
yield responses observed at near-optimal rates of fertilization in a collection 
of trials selected to represent the conditions of interest. Five different models 
were used to describe yield responses from a collection of 54 trials that 
included 7 rates of N. Ex post EORs were calculated for the individual trials 
and for the collection of trials. Arbitrary decisions concerning the treatment 
of relatively non-responsive trials and selection of model for describing 
relationships at relatively responsive trials were shown to be potential 
sources of systematic errors in calculated values for the EORs. Analyses 
showed that this problem could be reduced to unimportance for a collection 
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of trials by using discrete marginal analysis and linear interpolation within 
the near-optimal range. It is concluded that the primary barrier for 
determining the ex post EORs for a specified area of soil is to collect a 
sample of yield response measurements that adequately represents the 
population of yield responses occurring within that area. 
INTRODUCTION 
Rates of N fertilization for corn usually are selected with the goal of 
maximizing profits for producers. The rate that achieves this goal is called 
the economic optimum rate (EOR) of fertilization. Because producers must 
pay for fertilizers and because successive increases in rates of fertilization 
induce progressively smaller increases in yields, the EOR rate can be 
identified as the rate at which the marginal costs of fertilization equal the 
marginal value of the crop produced by fertilization (Heady et al., 1955; 
Heady and Dillon, 1961; Voss, 1975). 
Measured values for EORs vary greatly from site to site and year to 
year due to events that occur after fertilization, so the task of estimating 
fertilizer needs is actually to identify the rate that is most likely to maximize 
profits for producers. This rate should be described as the ex ante EOR, 
which should be distinguished from an ex post EOR to avoid ambiguity. The 
two are related because ex ante EORs are calculated by using ex post EORs. 
However, ex post EORs are calculated in after-the-fact analyses where the 
only problem is to interpret what happened. Ex ante EORs are calculated in 
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advance of fertilization and require assumptions concerning events that will 
occur. 
The distinction between ex post and ex ante analysis has only recently 
been made when estimating N fertilizer needs (Babcock and Blackmer, 
1994; Bullock and Bullock, 2000; Anselin et al., 2004), but has been widely 
used in economics (Myrdal and Wicksell, 1939; Stonier and Hague, 1980; 
Rima, 2001) and other disciplines (Ulph, 1982; Jack, 2002; Babu, 2003) to 
specify the point in time at which calculations are made to quantify rates of 
processes or frequencies of events that have occurred in the past and are 
expected to continue in the future. 
The methods for calculating ex post EORs are well established and 
widely used (Heady et al., 1955; Colwell, 1994). The methods include 
conducting one or more trials in which various rates of N are applied, 
measuring final yields, fitting a model (i.e., a curve) to describe the 
relationship between N rates and yields, and solving the model to identify 
the rate at which the slope of the curve indicates that the marginal costs of 
fertilization equal the marginal value of the crop produced. The only 
information usually used to identify this rate is the price ($/unit) for 
fertilizer and the price received for grain. At normal prices in the Corn Belt, 
EORs usually occur at 95 to 98% of the highest yields that can be obtained 
by adding fertilizer. 
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A commonly observed problem is that ex post EORs vary with the 
model used to describe relationships between rates of N fertilization and 
yields (Waugh et al., 1973; Cerrato and Blackmer, 1990; Colwell, 1994). 
Evidence of systematic error associated with selection of model is indicated 
by disagreements among calculated EORs when different models are used to 
describe the same set of data. Although these disagreements often are large 
enough to be of economic and (or) environmental importance, procedures 
have not been developed to ensure that errors imparted by models are not a 
serious problem when calculating ex post EORs. 
The problems caused by model bias are severe enough that Waugh et 
al. (1973) recommended using marginal analyses to estimate fertilizer needs 
under conditions where yield responses were measured in experimental 
designs initially intended for calculation of EORs. (Blackmer et al., 1992) 
explored the use of a similar method to avoid the problems of model bias 
when estimating EORs but could not identify a satisfactory solution. 
Problems associated with calculating ex post and ex ante EORs are severe 
enough that they may help explain why estimates of fertilizer needs for corn 
are most often calculated by using an N-balance sheet approach. Such 
methods have been clearly enumerated (USDA Natural Resource 
Conservation Service, 1999; Hoeft et al., 2000) and have no direct linkage to 
EORs or the profitability of N fertilization. 
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Advances in technology have made it practical to measure yield 
responses to fertilizer in field-scale trials where fertilizer treatments are 
applied in replicated strips (Blackmer and White, 1998; Bermudez and 
Mallarino, 2002; Scharf et al., 2005; Van De Woestyne et al., 2005). These 
new technologies have the potential to collect unprecedented amounts of 
data needed to calculate EORs for corn. Efficient use of these data, 
however, is hindered by generally accepted and quantitative methodology for 
calculating EORs. 
Here we report studies to explore methods that can be used to 
minimize systematic errors from the models used when calculating ex post 
EORs. Our analyses focus on systematic errors associated with curve 
fitting, but we discovered that clear enumeration of some key basic 
assumptions is a critical step in identifying methods that can be used to 
minimize all systematic errors when calculating ex-post EORs. For this 
reason, we begin describing our methods with an enumeration of these 
assumptions. Although we analyze data collected in conventional small-plot 
trials, our assumptions recognize the potential of the new technologies. An 
accompanying manuscript (Kyveryga and Blackmer, 2005a) evaluates the 
methods developed here by analyzing data collected by using the new 
technologies. 
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MATERIALS AND METHODS 
Our study is based on an assumption that ex post EORs (i.e., rates 
found to maximize profits at specific sites in the past) are measured with the 
overall objective of estimating ex ante EORs (i.e., rates judged most likely to 
maximize profits in the future after due consideration for the risk involved). 
We assume that the estimate is desired for a clearly defined geographic 
area, such as a large farm, a county, or a state. We further assume that the 
estimate of fertilizer needs is desired for a specific category of land, where 
categories have been previously established to address obvious variation in 
ex-ante EORs due to previous crop, history of manure application, use of 
irrigation, and other factors clearly known by the producer at the time of 
fertilization. 
We reason that there is an infinitely large population of possible 
response trials that could be conducted within the specified category of land 
within the specified geographic area over a specified period of several years. 
This period is long enough to adequately represent the effects of events 
associated with weather, diseases, insects, and other factors that are not 
known with certainty at the time of fertilization. The period specified, 
however, is selected to be short enough that management practices 
(including hybrid selection) where data were collected are reasonably 
representative of the management practices that will be used where the 
fertilizer will be applied. 
We analyzed data collected in the 54 response trials that have been 
described earlier (Binford et al., 1990; Binford et al., 1992; Meese, 1993) 
and are illustrated in Fig. 1. Each trial received 7 rates of N that were 
applied to plots (12.2 to 4.6 m ) in randomized complete block design. Yields 
were measured by hand harvesting 7.6 m of row in the center of the plots 
and corrected for the standard grain moisture content. The locations of the 
trials and site conditions at each trial are not presented because they are 
not relevant to the objectives of this study. For the specific purpose of this 
study, we assume that this collection of trials represents a random sample 
collected from the large population of possible trials that could be conducted 
within the hypothetical land area and time period of interest. The trials are 
numbered in order of decreasing responsiveness, where responsiveness 
refers to the mean yield observed at the highest rate of N fertilization minus 
the mean yield of the non-fertilized control. 
Data from the trials were analyzed individually (yields of replications 
at each site) as well as a composite sample comprised of many trials (mean 
yields across all sites). In this analysis NONLIN statistical procedure of SAS 
software (SAS, 2002) was used to fit 5 yield response models: quadratic 
(QUAD), exponential (EXP), linear response and plateau (LRP), quadratic 
response and plateau (QRP), and square root (SR). EORs were estimated by 
equating first derivatives of the fitted yield response models to the fertilizer-
corn price ratio and solving equations for fertilizer N rates. 
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The methods used for discrete marginal analysis are as described in 
many introductory textbooks of microeconomics (Hyman, 1993; Samuelson 
et al., 1995) and in agricultural economics (James and Eberle, 2000). The 
analysis compares marginal products to marginal costs. We used the word 
discrete to denote that we are calculating discrete marginal products for the 
increments of fertilizer N applied. Any interpolation between rates applied is 
made only after discrete marginal products were calculated. Discrete 
marginal products were calculated by dividing the yield increase (Mg ha-1) 
resulting in an increase in rate of fertilization by the amount (kg ha*1) of 
fertilizer N applied by the increment. The resulting value was used to 
represent the marginal products at midpoints of the increment of fertilizer 
N. The marginal cost of fertilization was expressed as number of units of 
grain required to pay for one unit of N. Corn prices were set at $86.50 Mg -1 
and fertilizer N prices were set at $0.44 kg-1 for all calculations. 
RESULTS AND DISCUSSION 
Problems with "non-responsive" sites 
When the models were fit to describe the observed relationships 
between rates of fertilization and yields, the resulting coefficients of 
determination (r2 values) varied greatly among the 54 trials illustrated in 
Fig. 1. The mean r2 value for the 5 models within sites ranged from 0.00 to 
0.96 depending on site (Table 1). Differences among the models within a 
trial were much smaller than differences among the trials. These 
observations generally support the conclusion (Waugh et al., 1973; Cerrato 
and Blackmer, 1990) that r2 values do not provide of reliable basis for 
selection of one model over another. 
Analyses illustrated in Fig. 2 show that much (74%) of the variability 
in r2 values for the models in Table 2 was associated with responsiveness of 
the individual sites to N. Because an r2 value of > 0.27 is needed to achieve 
statistical significance (at P<0.05) for this data set, the curve in Fig. 2 
suggests that yield responses greater than 0.90 Mg ha 1 usually were needed 
to be statistically significant. Analyses (not shown) revealed that the 
relationship in the Fig. 2 became statistically non-significant when sites 
having responses less than 2.0 Mg ha-1 were deleted. 
Limitations on the ability of models to describe relationships at sites 
showing relatively small yield responses is a serious problem because some 
relatively non-responsive sites should be expected whenever a random 
sample of trials is collected within a region. Any method that relies on the 
statistically significant fit of a model to all individual sites conflicts with the 
need to analyze a random sample that represents all possible trials. 
Reliance on such a method should be expected to encourage biased 
sampling to obtain relatively responsive sites that can be included in the 
analysis. 
One problem caused by relatively non-responsive sites when selecting 
models is illustrated in Table 2, where the fit of some models was 
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statistically significant and the fit of other models was not. This resulted in 
disagreements in EORs calculated for 3 trials (26, 41, and 44). Analyses (not 
shown) showed that the amount of disagreement observed at relatively non-
responsive sites is largely determined by decisions concerning the level of 
significance at which the model was considered unreliable. Analyses based 
on a judgment that model fit was unreliable at P <0.10, for example, would 
merely move this type of disagreement to sites lower in Table 2 (to sites 44, 
49, and 51). 
Evidence of more serious problems associated with using models to 
describe relationships between rates of fertilization and yields is shown in 
Fig. 3, which shows the relationships between EORs and responsiveness 
when each of the 5 models was used to calculate EORs. The relationships 
often showed a clear discontinuity at the point where models were judged to 
be unreliable. This discontinuity suggests that incorrect EORs are 
calculated from some sites. 
This problem was greater with the quadratic model than with the 
exponential or the square root model. It is reasonable to expect that each of 
the regression lines in Fig. 3 should pass through the origin because 
fertilizer N is consumed by plants when yields increase and because the 
amount of N consumed should linearly increase with the magnitude of yield 
increase. 
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The finding that the relationship generated by the quadratic model did 
not pass through the origin ( Fig. 3) suggests that this model had a tendency 
to over-estimate EORs at sites where yield responses were relatively small 
and under-estimate EORs at sites where yield responses were relatively 
large. The square root model may have over-estimated yield responses at the 
relatively responsive sites, and therefore, introduced bias that inflated the 
slope. The differences between the models reveal that some or all of the 
models imposed bias when used to estimate EORs. 
The relatively low r2 values in Fig. 3 for the relationships between 
EORs and site responsiveness to N are noteworthy. These poor 
relationships are consistent with evidence that substantial amounts of 
fertilizer N often are lost from the soil before plants grow and that the 
amount of fertilizer N lost before plants grow varies greatly from site to site 
and year to year (Balkcom et al., 2003; Hansen et al., 2004; Kyveryga et al., 
2004). Variability in amount of fertilizer N lost before plants grow should be 
expected to introduce variability in EORs at any given level of yield 
response. 
Problems at "responsive" sites 
As found in many previous studies (Waugh et al., 1973; Cerrato and 
Blackmer, 1990; Colwell, 1994) the models often disagreed substantially 
when identifying EORs for any given trial where significant responses to 
fertilizer N were observed. Means for the 10 most responsive sites in Table 2 
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ranged from 144 to 260 kg N ha1 depending on the model used. Mean EORs 
for all sites where all models were statistically significant ranged from 126 to 
212 kg N ha-1 depending on the model used. These observations support the 
conclusion that model bias is an important source of systematic errors 
when calculating ex post EORs. 
The systematic errors associated with selection of a particular model 
are difficult to detect by analyzing data from a single trial. Under such 
conditions, it is not possible to distinguish errors due to model bias from 
errors associated with yield measurements or spatial variability in yields 
within trials due to factors other than N treatments. Errors due to model 
bias, however, can be distinguished from the other errors when treatment 
means from many trials are analyzed. Under such conditions errors 
associated with yield measurements and spatial variability become relatively 
unimportant. These errors should be normally distributed and, therefore, 
become negligible when treatment means from many trials are analyzed. 
Calculating mean yields before modeling 
The problem of model bias is illustrated in Fig. 4A, where each model 
is fit to the mean yields observed at each N rate across the 54 trials. Each 
model tends to give a slightly different interpretation of the relationship 
observed. Because there is no theoretical reason for assuming that one 
model is superior over others (Mombiela and Nelson, 1981), selection of one 
model over another is based on subjective judgments. The commonly used 
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method for calculating ex-post EORs, therefore, should be considered more 
subjective than quantitative. 
Analyses summarized in Table 3 give insight into the basic cause of 
model bias. Deleting rates outside the near-optimal range clearly reduced 
the magnitude of the disagreements among the models. This reduction 
occurred because the EORs are determined by the analysis of slopes and 
because the slopes of the models within the near-optimal range are 
influenced by yields observed outside the near-optimal range. 
When yields at only the three rates nearest to optimal are considered, 
the amount of disagreement among the continuous models was 
substantially decreased (Fig. 4B). The EORs for these models ranged from 
158 to 204 kg N ha-1 when yields at all rates of N were used and from 160 to 
177 kg N ha-1 when only three rates in the near-optimal range were used 
(Table 3). Discontinuous models, of course, usually cannot be fit to yields 
when only three N rates are considered. 
Observations made above suggest that the problem of model bias is 
relatively small when ex post EORs are calculated from a sample of trials 
that represents a specified area of land over a period of several years. 
Unlike ex-post EORs for individual sites, ex-post EORs for the collection of 
trials in a reasonable sample should be relatively constant. As more 
knowledge is acquired, observations can be concentrated more narrowly in 
the near-optimal range to reduce the problem of model bias when 
calculating EORs. There is no need to use a wide range in N rates or 
discontinuous models. 
Yields versus yield responses 
Figure 5 shows the scatter of points observed when all yields from the 
54 trials are plotted and how the exponential model describes this 
relationship. The EORs calculated when a model was fit to the treatment 
means for yields across all trials (as in Fig. 4) is the same as when it was fit 
to the scatter of points obtained when data from all sites were pooled (as in 
Fig. 5). The difference is that r2 values are much smaller when all data are 
analyzed and often models are not statistically significant. 
The low r2 values obtained when the models were fit to the pooled 
data from all sites (as in Fig. 5) give little confidence that the calculated 
EORs are reliable. The direct cause of the low r2 values, however, is the 
high degree of variability in yields among sites. It is important to recognize 
that the variability in yields among sites is irrelevant when calculating EORs 
because EORs are determined by mean yield responses to N. The mean 
increase in yields associated with increasing rates of N from 112 to 168 kg N 
ha-1 would still be real and important even if data for the non-fertilized 
control were deleted from the analysis and the fit of the model were not 
statistically significant. 
An important point that emerges is that, when the results of many 
sites are pooled, the profit obtained from a given incremental increase in 
rate of fertilization across all sites is determined solely by the mean increase 
in yield. It is not influenced by the variability in yield levels or the variability 
of yield increases among sites. Questions about whether the addition of 
fertilizer caused a statistically significant increase in yields are irrelevant. 
Relative yields are a commonly used measure of yield response to 
fertilizer. They are calculated directly from yields, but they cannot be used 
to calculate EORs (Black, 1993; Col well, 1994). Another noteworthy problem 
is that the yield level considered to represent 100% depends on an arbitrary 
decision. The decision is whether the 100% level should be indicated by 
yields at the highest N rate, the highest treatment mean for yields, the 
means of all yields that are not statistically different, or some other 
calculations. The underlying issue relates to how random noise is 
distinguished from small (positive or negative) effects of fertilizer. Although 
arbitrary decisions often are not important when making crude estimates of 
optimal rates of fertilization, they became important when refining estimates 
of these optimal rates. 
Means of EORs or slope 
As illustrated by Cerrato and Blackmer (1990), comparisons of the 
means of ex-post EORs calculated for individual trials (the bottom of Table 
2) provide an effective way to illustrate the severity of problems associated 
with model bias. Such means, however, should not necessarily be 
considered a valid estimate of the ex-post EORs for a sample of many trials. 
Blackmer et al. (1992), for example, presented evidence that the EOR 
calculated by taking the means of EORs for individual sites often differed 
from the EOR calculated by considering mean yield responses across all 
trials. The mean values shown at the bottom of Table 2 for individual 
models do not agree with those calculated by analyzing the treatment means 
for yields (Table 3). The magnitudes of the disagreements are great enough 
to be of practical importance. 
Bullock and Bullock (1994) noted this problem and suggested that it 
could be avoided by calculating the ex post EOR for a collection of sites by 
solving for the rate at which the mean of the slopes of regression lines 
indicates that marginal returns are equal to marginal costs. This method, 
however, uses the quadratic model and includes all bias imposed by this 
model. The effect of using this method is essentially the same as fitting the 
quadratic model to the means of yields as illustrated in Fig. 4A. 
The data analyzed by (Bullock and Bullock, 1994) were collected in 
long-term trials, where the effects of present and past fertilization are 
confounded. Because the control plots had not received fertilizer N for years, 
relatively great yield differences were observed between the highest and 
lowest rates of N fertilization. Use of data collected under such conditions 
avoids problem caused by non-responsive sites. These conditions, however, 
often exacerbate the problem of model bias when the quadratic model is 
used (Waugh et al., 1973; Colwell, 1994). Analysis of data from such trials 
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tends to overestimate the benefit of fertilization and, therefore, overestimate 
the risk associated with applying rates that are slightly below optimal. The 
effects of risk need to be considered when calculating ex ante EORs, but 
these effects have no importance when calculating ex post EORs. An 
additional problem with this approach is that analyzing many years of data 
from exactly the same plots gives no information that can be used to assess 
how well the area studied represents the larger area for which ex ante EORs 
will be calculated. 
Marginal analysis 
The relationship between discrete marginal products of fertilization 
and rates of fertilization for a sample of 54 trials is shown in Fig. 6. An 
important feature of this relationship is that the point of no response can be 
established with the high degree of certainty because it is clearly defined 
when the mean of many observed yield responses to a small incremental 
increase in N rate is zero. Uncertainty associated with the use of models or 
method of calculation when defining 100% maximum yield is avoided. By 
including enough trials in the sample analyzed, uncertainty associated with 
identifying the point of no response can be reduced to levels that cause no 
problems when calculating optimal rates of fertilization. 
The incremental break-even rate (IBER) of fertilization is identified 
when the value of mean yield response to 1 kg ha 1 increase in N rate equals 
the incremental increase in cost of fertilization. This marginal cost of 
fertilization is indicated by the dashed line in Fig. 6. The incremental break­
even rate is directly comparable to the EOR because both estimate the 
fertilization rate at which marginal returns equal marginal costs. A 
noteworthy difference is that the discrete marginal analysis presented in 
Fig. 6 is based on the assumption that the effects of a small increment of 
fertilizer N are small compared to the effects of systematic error introduced 
during the fitting of models to describe relationships between rates of 
fertilization and yields in the near-optimal range. This assumption greatly 
simplifies the task of estimating EORs. 
Because the marginal cost of fertilization is expressed in units of grain 
(i.e. numbers of units of grain required to pay for one unit of N), the effects 
of different price ratios on the ex-post EOR can be easily analyzed by simply 
altering the position of the dashed line in Fig. 6 to the appropriate level. 
Higher prices of fertilizer relative to grain would move the line upward. The 
effects of fertilizer-to-grain price ratios on EORs, therefore, are much easier 
to analyze and comprehend by using the marginal analysis as presented in 
Fig. 6 than in the traditional method as illustrated in Fig. 4. 
The relationship between discrete marginal products of N fertilization 
and rates of N fertilization is essentially linear at near-optimal rates of 
fertilization (Fig.7). This relationship can be described as a straight line 
within this restricted range. The high degree of linearity in this range can be 
explained by recognizing that the marginal costs of fertilization are partially 
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offset by yield increases in this range. Because plants have limited capacity 
to compensate for deficiencies of N by lowering N concentrations in tissues, 
detailed analyses could show that a significant range in rates of N 
fertilization produce an almost identical amount of profit. The phenomenon 
of poverty adjustment at near optimal rates of N fertilization, therefore, 
essentially places a "linear segment" on the normal curve and often makes it 
difficult and unnecessary to identify an exact EOR to essentially maximize 
profits for producers. 
The errors associated with using the straight line rather than curved 
line to interpolate between points in Fig. 7 clearly are smaller than those 
associated with the uncertainty in measured yield responses as indicated by 
the 95% confidence intervals. Improvements in calculating ex-post EORs, 
therefore, must involve decreasing the uncertainties in the means of 
measured yield responses rather than improving the method for 
interpolating between these measured yield responses. 
The straight line can be used to estimate an ex-post EOR by 
identifying where it intersects with the line indicating marginal cost of 
fertilization. Because a curved line must be used when EORs are calculated 
from relationships between rates of fertilization, the analysis illustrated in 
Fig. 7 is much simpler than the traditional method for calculating EORs. 
EORs usually are calculated by considering only direct costs of 
fertilizer and application. Many producers, however, have alternative places 
to invest their money and often desire to identify the ex-post EOR that gives 
a desired level of profit for the last increment of N applied. If, for example, a 
producer desired 25% return on the last 56 kg ha-1 increment of fertilizer 
applied, the optimal rate would decrease from 196 to 164 kg N ha*1 (at 
intersection of the 1.25 marginal cost line and the regression line). This 
example illustrates that, compared to the traditional method for calculating 
EORs, discrete marginal analysis simplifies the task of relating rates of 
fertilization to profits for producers. 
At the prices used in our study, the decision to seek the higher level of 
return on the last increment would decrease overall net return on fertilizer 
investment from $182 to $178 ha-1. This decrease in net return is relatively 
small because the first increments give most of the benefit of the 
fertilization. Many producers may select the lower rate to minimize 
environmental degradation and avoid the cost associated with regulations to 
protect the environment. 
The high degree of linearity between the discrete marginal products of 
fertilization and rates of fertilization in near-optimal range suggests that 
risks associated with applying slightly less than optimal rates are no greater 
than those associated with applying rates that are slightly above optimal. 
This finding suggests that ex-post EORs calculated from a good sample of a 
larger population of trials should be similar to ex-ante EORs for conditions 
represented by the larger population of the trials. The major barrier to 
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calculating ex-ante EORs, therefore, is collecting an appropriate sample of 
trials and using an appropriate method to calculate ex-post EORs for this 
sample. 
CONCLUSIONS 
Three significant refinements in methodology can eliminate the 
problem of systematic errors during calculation of ex post EORs. The first is 
to restrict analyses to data sets that can be considered a reasonable sample 
of the yield responses that occurred within a specified land area and time 
period. This restriction makes sense if it is recognized (i) that ex post EORs 
are calculated only for the purpose of making subsequent analyses to 
identify ex ante EORs and that (ii) ex post EORs must be calculated from the 
whole sample of yield responses. Recognition that it is not appropriate to 
calculate the ex post EORs for individual trials and calculate a mean to 
represent the larger population avoids many problems associated with non-
response sites or sites where factors other than the effects of the added 
fertilizer may have introduced large errors in measurements of yield 
responses. 
The second refinement is to restrict analyses to the near-optimal 
range to avoid systematic errors caused by yield responses observed outside 
this range during the fitting of models. This restriction makes sense if it is 
recognized that (i) ex post EORs are calculated only for the purpose of 
making subsequent analyses to identify ex ante EORs and that (ii) ex ante 
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EORs are a constant within areas that are sufficiently similar with respect 
to soil characteristics and management. Even large amounts of variability in 
yield responses are unimportant when calculating ex post EORs for a 
specified sample of trials. This variability becomes important, however, in 
subsequent analyses to learn if this variability can be associated with some 
measurable factor that can be known before fertilization. 
The third refinement is to recognize that discrete marginal products of 
N fertilization are near linearly related to rates of N fertilization at near-
optimal rates. Errors due to linear interpolations between measured means 
can be controlled by observing yield responses at rates nearer to the ex ante 
EORs as these become more precisely defined. The importance of errors 
associated with linear interpolation can be assessed objectively by 
comparisons with the level of uncertainty associated with the estimate of 
mean yield response. 
When these three steps are taken, it becomes apparent that the major 
problems in calculating ex post EORs become (1) defining the land area and 
time period of interest and (ii) collecting a sample of yield responses that 
adequately represents the whole population of yield responses that occurred 
within the area during the period of interest. Although it seems self-evident 
that these steps are critical when trying to refine estimates of fertilizer needs 
for corn, essentially no attention has been given to these specific steps in 
past efforts to estimate N fertilizer needs. 
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It seems that efforts to refine estimates of N fertilizer need for com 
have been hampered by lack of detailed analyses and enumeration of the 
assumptions behind the methods commonly used to estimate N fertilizer 
needs for corn. Future studies to refine the overall methodology for 
estimating N fertilizer needs must clearly recognize that new technologies 
make it possible to collect unprecedented numbers of observations of yield 
responses under conditions representative of those found on farms in 
production agriculture. 
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Figure 1. Relationships between yields and rates of fertilizer N for 54 trials. 
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Table 1. Coefficient determination (r2) for different yield response 
models fitted to estimate EORs of N fertilization for each trial. 
Trial Model 
QUAD QRP EXP LRP SR 
1 0.92 0.92 0.93 0.90 0.92 
2 0.94 0.96 0.95 0.95 0.93 
3 0.90 0.90 0.91 0.90 0.89 
4 0.92 0.93 0.91 0.94 0.88 
5 0.92 0.94 0.93 0.93 0.90 
6 0.89 0.91 0.91 0.90 0.90 
7 0.81 0.81 0.81 0.82 0.78 
8 0.83 0.82 0.79 0.82 0.75 
9 0.64 0.64 0.58 0.60 0.65 
10 0.85 0.86 0.87 0.84 0.87 
11 0.91 0.90 0.89 0.89 0.87 
12 0.75 0.75 0.68 0.76 0.74 
13 0.89 0.89 0.89 0.86 0.87 
14 0.73 0.74 0.74 0.73 0.75 
15 0.76 0.76 0.77 0.72 0.78 
16 0.91 0.50 0.90 0.91 0.87 
17 0.90 0.91 0.90 0.91 0.88 
18 0.86 0.86 0.84 0.86 0.82 
19 0.76 0.76 0.76 0.77 0.74 
20 0.81 0.82 0.84 0.81 0.84 
21 0.45 0.50 0.51 0.50 0.51 
22 0.77 0.77 0.61 0.78 0.76 
23 0.88 0.50 0.88 0.88 0.89 
24 0.90 0.89 0.89 0.87 0.88 
25 0.78 0.88 0.88 0.88 0.88 
26 0.34 0.25 0.34 0.37 0.32 
27 0.66 0.67 0.67 0.68 0.65 
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Table 1. (continued) 
Trial Model 
QUAD QRP EXP LRP SR 
"> 
28 0.81 0.82 
f 
0.80 0.83 0.78 
29 0.63 0.62 0.62 0.61 0.61 
30 0.24 0.09 0.00 0.15 0.22 
31 0.64 0.58 0.56 0.59 0.53 
32 0.61 0.74 0.75 0.75 0.75 
33 0.78 0.79 0.76 0.80 0.79 
34 0.87 0.86 0.83 0.87 0.79 
35 0.55 0.40 0.56 0.59 0.54 
36 0.22 0.23 0.27 0.25 0.27 
37 0.33 0.43 0.43 0.43 0.45 
38 0.62 0.63 0.67 0.63 0.68 
39 0.35 0.41 0.41 0.41 0.44 
40 0.64 0.63 0.64 0.62 0.64 
41 0.27 0.22 0.28 0.26 0.29 
42 0.46 0.37 0.45 0.42 0.45 
43 0.44 0.41 0.45 0.47 0.47 
44 0.19 0.28 0.28 0.28 0.26 
45 0.75 0.46 0.72 0.74 0.68 
46 0.22 0.25 0.26 0.25 0.27 
47 0.18 0.01 0.00 0.01 0.21 
48 0.23 0.17 0.24 0.17 0.24 
49 0.33 0.28 0.30 0.31 0.33 
50 0.20 0.19 0.19 0.19 0.20 
51 0.21 0.23 0.23 0.23 0.24 
52 0.13 0.08 0.09 0.08 0.10 
53 0.10 0.11 0.11 0.11 0.17 
54 0.10 0.00 0.00 0.03 0.06 
Mean 0.61 0.58 0.60 0.61 0.61 
SD 0.28 0.29 0.29 0.29 0.26 
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Table 2. EORs of N fertilization for each individual trial estimated 
by fitting various yield response models. 
Trial Model 
QUAD QRP EXP LRP SR 
Kg N na 
1 239 209 234 133 308 
2 221 171 208 130 226 
3 242 211 192 134 344 
4 237 202 250 141 202 
5 230 198 223 132 278 
6 223 171 193 129 225 
7 247 231 270 157 280 
8 225 219 250 140 321 
9 515 515 254 203 15 
10 221 189 189 138 216 
11 236 237 241 162 367 
12 327 327 262 245 38 
13 250 249 256 148 240 
14 205 141 150 81 168 
15 239 228 258 143 285 
16 254 45 278 197 249 
17 210 161 178 120 175 
18 208 172 183 127 173 
19 264 264 282 227 108 
20 203 147 150 82 150 
21 203 111 126 79 138 
22 327 327 241 250 10 
23 301 47 317 262 43 
24 202 185 158 135 155 
25 oo
 
o
o
 
100 105 73 122 
26 195 0 158 114 144 
27 205 177 168 165 162 
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Table 2, (continued) 
Trial Model 
QUAD QRP EXP LRP SR 
\rnt XT Ur.~l -kg IN na 
28 193 153 144 120 138 
29 206 201 116 161 169 
30 0 0 0 0 0 
31 196 195 175 168 157 
32 173 50 79 63 103 
33 176 114 109 92 109 
34 190 
OO 
153 127 137 
35 183 42 138 136 106 
36 0 0 0 0 0 
37 149 36 57 12 77 
38 158 33 86 13 82 
39 151 50 25 13 83 
40 157 127 99 82 80 
41 0 0 115 0 78 
42 165 39 107 90 86 
43 142 37 77 89 70 
44 0 39 25 15 0 
45 154 14 115 142 75 
46 0 0 0 0 0 
47 0 0 0 0 0 
48 0 0 0 0 0 
49 138 35 69 80 67 
50 0 0 0 0 0 
51 0 0 0 0 0 
52 0 0 0 0 0 
53 0 0 0 0 0 
54 0 0 0 0 0 
Mean 169 122 138 101 125 
SD 108 111 95 74 103 
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Table 3. EORs of N fertilization calculated from various yield response models fitted 
to the pooled data. 
Model Rate EOR Yield at EORf Plateau or max Yield 
kg N ha"1 Mg ha"1 M g ha"1 
QUAD all 204 9.32 (99)' 9.43 
all but the highest 192 9.07 (98) 9.25 
112,168, and 224 177 9.27 (99) 9.38 
EXP all 161 8.94 (95) 9.40 
all but the highest 172 9.02 (96) 9.41 
112,168,and 224 160 8.98 (95) 9.43 
SR all 158 8.82 (93) 9.53 
all but the highest 195 9.05 (86) 10.50 
112,168, and 224 170 9.02 (97) 9.29 
LRP all 134 9.2 (100) 9.20 
all but the highest 134 9.2 (100) 9.20 
112, 168, and 224 NC$ NC NC 
QRP all 183 9.19(100) 9.20 
all but the highest 175 9.18(99) 9.27 
112,168, and 224 NC NC NC 
T In parenthesis percentage from the maximum or plateau yield 
t The model did not converged. 
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CHAPTER IV. EX POST ECONOMIC OPTIMUM RATES OF 
NITROGEN FERTILIZATION CALCULATED ON THE SCALE 
OF FARMS 
A paper to be submitted to the Agronomy Journal 
Petro M. Kyveryga and Alfred M. Blackmer 
ABSTRACT 
Novel methodology for estimating economic optimum rates (EORs) of 
N fertilization for corn (Zea Mays L.) relies on clear distinctions between ex 
post and ex ante EORs and between EORs for individual trials and for a 
sample of trials. We report studies to explore how this methodology can be 
used to calculate ex post EORs on the scale of a farm where precision 
farming technologies are used to measure yield responses to N applied in 
strips going the length of fields. Fertilizer N was applied at 5 different rates 
in replicated strips that entirely covered 3 fields in each of 2 years to 
represent a hypothetical farm that has 6 fields in a corn-soybean cropping 
system. Yield responses were measured on a grid pattern having 22-25 cells 
ha-1. Cumulative distribution functions (CDFs) were used to help analyze 
the variability in yield responses among the grid cells. The yield responses 
were classified by using GIS, soil series, and soil map units. The 
complement of the relative variance method was used to estimate the 
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percentage of variability in yield response explained by each classifier and 
by year. Ex-post EORs were calculated for the whole farm and for separate 
areas identified as potentially different management units. The profit 
associated with dividing the farm into possible management units was 
calculated by considering effects of subdividing on profits at calculated 
EORs. These steps add to the previous steps in the novel methodology for 
calculating ex post EORs. The results demonstrate that field-scale trials 
using two rates of N in the near-optimal range offer an efficient way to 
develop and refine site-specific estimates of N fertilizer needs for corn. 
INTRODUCTION 
Recent analyses suggest that the overall procedure for estimating 
economic optimum rates (EORs) of N fertilizer needs for corn should include 
at least 4 different steps and make clear distinctions between ex post and ex 
ante EORs and between EORs for individual trials and for a sample of trials 
(Kyveryga and Blackmer, 2005b). These steps are (i) define the range of 
conditions under consideration, (ii) collect a reasonable sample of yield 
response measurements to represent this range, (iii) use discrete marginal 
analysis to calculate ex post EORs for the sample of measurements, and (iv) 
estimate ex ante EORs for the overall range of conditions with due 
consideration of risk and other factors that were not enumerated. 
This overall approach treats data from a response trial as a single 
observation that represents only part of a sample needed to estimate the 
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mean yield response to fertilizer for the specified range of conditions. The ex 
post EORs are calculated by methods based on the same economic 
principles as existing methods (Heady et al., 1955; Heady and Dillon, 1961; 
Voss, 1975), but greater emphasis is placed on avoiding bias during curve 
fitting and on distinguishing between rates that just pay the direct costs 
associated with the last increment of N applied, and rates that give a desired 
level of profit on the last increment of N applied. 
Recent advances in technology have made it practical to collect 
unprecedented amounts of yield-response data over large areas of land. 
Fertilizer treatments can be applied in replicated strips going the lengths of 
fields as defined by farmers. Combines equipped with yield monitors and 
GPS can measure yield responses to the treatments. GIS can be used to 
analyze spatial patterns in yield response and relate these patterns to soil 
characteristics (Blackmer and White, 1998; Mamo et al., 2003; Wittry and 
Mallarino, 2004; Scharf et al., 2005). However, generally accepted 
methodology has not been developed for calculating ex-post EORs for N from 
data collected by using these technologies. 
Recent reports (Van De Woestyne et al., 2005; Blackmer and 
Blackmer, 2005a; Blackmer and Blackmer, 2005b) suggest that EORs for N 
can be efficiently identified by using precision farming technologies in trials 
where two near-optimal rates are applied in alternating strips that cover 
relatively large areas of land. Although analyses presented in Chapter III of 
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this dissertation suggest that EORs could be reasonably estimated by this 
approach, there is need for detailed enumeration and evaluation of this 
approach. The possible use of the new methodology for calculating EORs to 
aid in the task of subdividing a whole farm into management units deserves 
special attention. Many methods for classifying large areas of land into 
separate management units have been described (Jaynes et al., 2003; Ping 
and Dobermann, 2003; Fridgen et al., 2004; Schepers et al., 2004), but the 
linkage to profit maximization for producers usually is indirect or obscure. 
We explore the use of the new method for calculating ex post EORs on 
the scale of a farm where precision farming technologies are used to 
measure yield responses to N applied in strips going the length of fields. We 
assume that any method for calculating ex post EORs must include 
consideration of calculations showing the effect of subdividing any area of 
land on ex post EORs as well as temporal and spatial variability in yield 
responses to N. We do not, however, directly address methods for the 
separate step of estimating ex ante EORs from ex post EORs. 
MATERIALS AND METHODS 
To demonstrate the new method for estimating ex post optimal rates 
of N that address spatial and temporal variability, we consider the case of a 
hypothetical farmer who uses precision farming technologies and measures 
yield responses to fertilizer N in a grid pattern (22-25 cells ha-1) that covers 
his entire farm (Fig. 1). This farmer has six fields (Table 1) that are in a corn-
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soybean cropping sequence. He uses a no-till tillage system, harvests with a 
6-row combine, and applies all fertilizer N by injecting aqueous solutions 
containing 32% N as urea, ammonium, and nitrate in late May or early 
June. Each year half of his fields are in com and half are in soybean. It is 
assumed that there is no variability in management practices within this 
study, so any observed variability in yield responses to added N should be 
associated with space and time. 
Fertilizer N was applied at rates of 56, 84, 112, 140, and 168 kg N 
ha-1 in 6-row strips going the length of the fields (Fig. 1). The fertilizer was 
applied by following 6-row strips that were made by the planter and would 
be harvested as single swaths of the combine. Moreover, the most 
important economic analysis (i.e., discrete marginal analysis) compared only 
sequential rates of fertilization, so this method of fertilization tended to 
minimize errors caused by spatial variability in soil and plant 
characteristics when calculating yield responses. The farmer chose not to 
include a non-fertilized control or higher rates of N because, based on his 
past experience, application of N at rates <56 or >168 kg N ha1 would not 
be considered. 
The farmer applied the fertilizer treatments so that rates of N in 
adjacent strips were as similar as possible to avoid border effects associated 
with plants in N-deficient strips removing N from strips at having near-
optimal rates. The farmer did not make any attempt to randomize the 
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fertilizer treatments because he believed that the costs of randomization 
would exceed the benefits. 
The farmer harvested the fields by using a combine equipped with an 
Ag Leader yield monitor (Ag Leader Technol., Ames, IA) and DGPS. The yield 
data were collected at 1-sec intervals. To minimize errors associated with lag 
in yield measurements or other effects (ground speed, slope, etc.) when 
calculating yield differences between strips, care was taken to maintain a 
constant speed while harvesting and moving in the same direction when 
harvesting adjacent strips. 
The farmer knew that he had paid $0,440 kg-1 for N and received 
$86.5 Mg"1 of grain, so he also knew that each additional increment of N had 
to increase yields 0.142 Mg ha 1 to cover the extra cost. Because the farmer 
had alternative places to invest his money, he desired a 25% profit on the 
last increment of fertilizer applied. 
Remote sensing imagery was used to identify and remove errors in 
individual yield observations due to irregular plant density, weed pressure, 
flooded areas or presence of grassed waterways within the fields. ArcView 
GIS software (Environ. Syst. Res. Inst., Redlands, CA) was used to calculate 
mean grid cell yield responses for each fertilizer increment. 
To calculate EORs for fields in each year and for two years, five 
models were fit to describe relationships between rates of N fertilization and 
yields by using NONLIN statistical procedure of SAS software (SAS, 2002). 
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The models were quadratic (QUAD), quadratic response and plateau (QRP), 
exponential (EXP), linear response and plateau (LRP), and square root (SR). 
The discrete marginal analysis was done as described in the previous 
chapter of this dissertation. 
Cumulative distribution functions (CDFs) of observed yield responses 
were used to show probability that a yield response to fertilizer N takes a 
value less than or equal to a magnitude of a given yield response. The 
cumulative distribution functions were created by using PROC UNIVARIATE 
statistical procedures of SAS software. 
In efforts to identify classifiers that explained some of the observed 
spatial variability in yield responses, the farmer used several different 
classifiers (year, soil series, and soil map units) to divide the land on the 
farm into different areas by using GIS. The complement of the relative 
variance (CRV) method was used to calculate the percentage of variance in 
yield responses explained by each classifier (Webster and Oliver, 1990). 
Efficiency of classification was calculated as 
E=J00fJ- W&otazA [1] 
where E refers to efficiency of classification (%) , 8W is within class pooled 
variance, and 6total is total pooled variance. 
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RESULTS AND DISCUSSION 
First-year response curves 
Means of yields for each rate of fertilization across all grid cells in the 
three fields for the first year are shown in Fig. 2A. Ex post EORs calculated 
by the various models ranged from 126 to 167 kg N ha1. If the LRP model is 
judged to be inappropriate, the disagreement between the remaining models 
ranged from 150 to 167 kg N ha1. Based on observations made in the 
previous chapter, the disagreements among the models probably were less 
than they would have been if a non-fertilized control and relatively high 
rates of fertilization had been included in the study. 
Restricting analyses to only three rates of N in the near-optimal range 
significantly reduced the magnitude of disagreements in calculated EORs 
(Fig. 2A). Part of the reason is that the discontinuous models could not be fit 
to the data under these conditions. It is noteworthy, however, that EORs 
calculated by the EXP model changed from highest to lowest with this 
change. Fitting the model to only three points resulted in the predicted 
yield at 140 kg N ha1 to more closely match the mean yields measured at 
this rate. If it is assumed that information gathered within the optimal range 
is more reliable than information obtained by extrapolation from outside 
this range, the EOR of 140 kg N ha1 should be considered more reliable 
than the EOR of 167 kg N ha1. 
Discrete marginal analysis of the mean yield response resulting from 
each incremental increase in rate of fertilization is presented in Fig. 3A. The 
incremental break-even rate (IBER) identified was 153 kg N ha"1. When 
viewed in the context of disagreement among models observed in previous 
studies, the IBER showed relatively good agreement with the EORs 
calculated by analysis of the continuous models in Fig. 2A. Possible errors 
associated with the use of linear interpolation at near-optimal rates of 
fertilization were small compared to the uncertainty in means of measured 
yield responses. 
An important question relates to how well the means of discrete 
marginal products in the sample collected represents the mean for the 
whole population that occurred within the area and time of interest. If it is 
assumed that this population is normally distributed, the uncertainty can 
be estimated by using a 95% confidence interval calculated from sample 
variability (Method 1 in Table 2). Our method of sampling, however, 
probably under-estimated the width of this confidence interval due to 
possible spatial dependency of yield responses within each field. To avoid 
this problem, we assumed each strip to be an independent observation and 
calculated a 95% confidence interval based on strip means (Method 2 in 
Table 2). A key point illustrated is that errors in IBERs caused by linear 
interpolation at near-optimal rates of fertilization are relatively small 
regardless of the method used to estimate uncertainty in the means of 
measured yield responses. 
The estimates of uncertainty (Table 2) for the year are relevant to 
calculation of ex-post EORs for the land area and one year specified. It is 
important to recognize, however, that these estimates of uncertainty are not 
necessarily appropriate for calculation of ex-ante EORs because the sample 
collected does not address year-to-year variability in yield responses. 
Second-year response curves 
The means of yields for each rate of fertilization across all cells in the 
three fields for the second year are shown in Fig. 2B. None of the models 
could be fit to describe the observed relationship between rates of 
fertilization and yields, so it must be concluded from this analysis that the 
ex-post EOR was 56 kg N ha-1 or less. Discrete marginal analyses in Fig. 3B 
supports this conclusion. Although the last increment of N may have 
increased yields, this increase was not enough to offset yield reduction 
caused by the first increments. 
The finding that an ex-post EOR could not be identified in this year 
should not be of concern because the sample of yield responses analyzed is 
not representative of a sample that should be used when estimating ex-ante 
EORs. Anyone generally aware of the magnitude of yield responses usually 
observed on this farm would recognize that the yield responses observed 
this year were substantially less than those usually observed. The relatively 
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small yield responses undoubtedly were due to weather conditions 
associated with the year. The objectives of our study do not require 
identification of the specific weather factors responsible for the relatively 
small yield responses. 
Observations made during this year, however, illustrate the great 
importance of collecting an appropriate sample of yield responses and 
recognizing that any sample collected to estimate ex-ante EORs must 
adequately represent variability in time as well as space. Because ex-post 
EORs are calculated for the sole purpose of subsequent use when 
calculating ex-ante EORs, it is unreasonable to evaluate methods for 
calculating ex-post EORs by using samples of yield responses that do not 
fairly represent distribution of yield responses likely to be observed across 
space and time within the area of interest. 
Two-year response curves 
Pooling data from both years provides a better sample of the yield 
responses expected on the farm under study. Means of yields for each rate 
of fertilization across all cells in the 6 fields are shown in Fig. 2C. If the LRP 
model is judged to be inappropriate, the disagreements between the 
remaining models were remarkably smaller than usually found. It made 
little difference whether all rates were analyzed or only the three rates 
nearest optimal. This observation supports the conclusion that 
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disagreements among models are not important when an appropriate 
sample of yield responses is analyzed. 
The mean of ex-post EORs calculated from samples collected during 
the two individual years is clearly less than the ex-post EOR calculated from 
the sample that includes all data from both years. This illustrates that the 
mean of ex-post EORs calculated from yield responses observed during 
different years does not necessarily give a good estimate of ex-post EORs for 
all years. This problem occurs because a large yield response to a given 
incremental increase in rate during one year can offset small yield 
responses to the same increment of N in 2 or more other years. This 
observation suggests that years having weather conditions that favor larger 
yield responses will tend to have greater impacts on calculated values for ex-
post EORs when samples are collected across many years. This observation, 
however, does not contradict the conclusion that ex-post EORs should be 
considered meaningful only when they are calculated from an appropriate 
sample of yield responses. 
Comparisons of the EORs calculated by analysis of response curves 
(Fig. 2) and IBERs calculated by using incremental marginal analyses (Fig. 
3) show that each method of estimating ex-post optimal rates gives 
essentially the same answer. The effects of fertilizing a few (<10) kg N ha-1 
can be considered unimportant relative to other factors. Discrete marginal 
analyses, for example, reveal that desire to obtain a 25% profit on the last 
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increment of N would decrease the optimal rate by 11 kg N ha-1 below the 
IBER. A 25% increase in the price of fertilizer relative to grain would have a 
similar effect. The most important reason, however, is that profit probably 
can be increased more by dividing the area sampled into two or more 
different areas than by refining estimates of the ex post EOR for the whole 
area. 
The accepted practice of calculating ex post EORs from yield response 
curves that do not include estimates of yield variability is reasonable 
because variability in yields within a sample has no direct effects on ex post 
EORs calculated for this sample (Kyveiyga and Blackmer, 2005b). If it is 
assumed that ex post EORs only have meaning when calculated from 
appropriate sample (i.e., samples that represent the distribution of yield 
responses observed across the space and time within the specified area), 
then the variability in yield becomes important and needs to be analyzed. 
The following analysis suggests that presentation of yield response data as 
cumulative distribution functions (CDFs) helps to distinguish variability in 
yield response that can be controlled from variability that cannot be 
controlled. The distinction is often important when calculating ex post 
EORs. 
Cumulative Distribution Functions (CDFs) 
The distribution of yield responses observed in individual cells is 
illustrated in Fig. 4 for both individual years and for all data pooled. The 
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curves emphasize that any given mean for yield responses is calculated from 
many larger and smaller yield responses. The curves graphically illustrate 
that much of the variability in "yield responses" should be attributed to 
errors of measurement. 
A noteworthy source of measurement error results from the 
assumption that any two plots are identical in all ways except for effects of 
the added N. This assumption is violated by differences among plots in plant 
density, weed pressure, insect damage, wind damage, supplies of water or 
nutrients other than N, supplies of N from sources other than fertilizer, 
incorrect or non-uniform application of fertilizer N, and many other factors. 
These errors, like errors introduced during actual measurements of yields, 
should be randomly distributed and, therefore, tend to become less 
important when means or medians are calculated from larger numbers of 
observations. The use of medians offers the advantage of not having to 
include analyses to remove extreme values that can have undue effects on 
means. 
The median yield responses were similar to the means calculated from 
individual cells (Table 3). This observation presents evidence that the yield 
responses were approximately normally distributed in our sample. Although 
random errors of measurement should be normally distributed, there is no 
reason to assume that real yield responses caused by the addition of N 
should be normally distributed. Indeed, normal distributions should not be 
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expected if the area sampled included two or more areas where EORs were 
clearly different. 
IBERs from CDFs 
Medians for yield responses and CDFs as illustrated in Fig. 4 offer a 
simple and effective way to estimate ex post IBERs by methods similar to 
discrete marginal analyses. During the first year (Fig. 4A and Table 3), for 
example, the median yield responses to the first three incremental increases 
in rate of N were substantially more than needed to pay for the extra N, so 
the higher rate clearly was more profitable in each situation. Simple visual 
analysis shows that the median yield response for the fourth incremental 
increase was equal to the marginal costs of fertilization, which means that 
the two rates involved were equally profitable. 
The median yield responses for second year (Fig. 4B) indicated that 
the last increment of added N produced a yield response that was slightly 
less than enough to pay the marginal cost of fertilization. The higher rate of 
fertilization should not be considered because negative effects occurred at 
the lower increments of N. Median yield responses for the first three 
increments indicate that the fertilizer had more negative than positive 
effects on yields. Analyses showed that the first, second, and third 
increments of N produced negative effects on profits in 68, 65, and 62% of 
the grid cells. 
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The median yield responses for observations pooled over the two-year 
period (Fig. 4C) were somewhat similar to those observed in the first year. 
The median yield responses to the first three incremental increases in rate 
of N were more than needed to pay for the extra N. The fourth incremental 
increase in N rate produced a yield increase that was slightly less than 
needed to pay for the extra fertilizer. Simple visual analysis indicates that 
the IBER for the 2-year period was less than 168 kg N ha-1. 
The IBER calculated by using the medians and discrete marginal 
analysis was 150 kg N ha1. This is in remarkably good agreement with the 
IBER of 151 kg N ha-1 calculated by using means and the same methods 
(Fig. 3C). These observations support the conclusion that different methods 
for calculating ex-post EORs give essentially the same answer when an 
appropriate sample of yield responses is collected and analysis is restricted 
to near-optimal rates of N fertilization. The problem of calculating ex post 
EORs for an area of interest becomes unimportant when it is recognized 
that yields can be measured at rates closer to this optimal to reduce 
possible errors associated with interpolation as values for ex post EORs 
become established with greater certainty. 
Simple visual analysis of the curves in Fig. 4A shows decreasing 
marginal returns to each increment of added N and makes it easy to 
estimate IBERs. The effects of changes in the costs of fertilizer relative to 
grain and desired levels of profit on the last increment can be easily 
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estimated by repositioning the break-even line. There are, therefore, several 
clear advantages to presenting yield response data in CDFs rather than 
traditional yield response curves. The greatest advantage, however, becomes 
apparent by recognizing that there may be greater opportunity for 
increasing profits by dividing areas sampled into smaller areas that have 
different ex post EORs than to refine estimates of a single ex post EORs for 
the whole area. 
Classification of yield responses 
Calculation of ex post EORs for a sample of yield responses should 
not be considered the final step before calculating ex ante EORs because 
there is always a possibility that profits can be increased by dividing the 
area sampled into two or more units that have different EORs. The word 
"optimal" in EOR denotes "best", so there is need to conduct analyses to 
determine if the sample should be subdivided. We refer to this step as 
"classification of yield responses" and suggest that it must follow calculation 
of ex post EORs from samples and precede calculation of ex ante EORs from 
ex post EORs. 
Tables 4 and 5 summarize efforts to classify incremental yield 
responses by years, soil series, and soil map units. Each increment is 
analyzed individually to minimize confounding of relatively large yield 
responses at low rates of fertilization with relatively small yield responses at 
near-optimal rates of N fertilization. Year is included only to show its 
relative importance; it is not a useful classifier because the effects of year 
are not known at the time of fertilization. 
Use of the complement of the relative variance method (Webster and 
Oliver, 1990) to analyze the 2-year sample of yield responses showed that 
classifier "year" explained a higher percentage of the variation in yield 
response than did "soil series" or "soil map unit" (Table 4). Year explained 
25, 11,6, and 0% variation in yield response associated with the first, 
second, third, and fourth incremental increases in rate of fertilization. Soil 
map units explained 16, 5, 3, and 1% of the variation in yield response for 
the same incremental increases. Soil series explained 4, 0, 0, and 0% of the 
variation in yield response associated with these incremental increases. 
When the effects of fertilization at relatively low rates are distinguished from 
the effects at near-optimal rates, it is clear that none of the classifiers had 
much ability to account for variability in yield response at near-optimal 
rates of fertilization. 
This analysis illustrates the need to use methods that distinguish the 
relatively small yield responses observed at near optimal rates of fertilization 
from the larger yield responses observed at lower rates. This distinction is 
important because the effects observed at the lower rates overwhelm the 
effects observed near the optimal rates even though they cannot be obtained 
at near optimal rates. 
Yield responses associated with the first two incremental increases in 
N rate exceeded the marginal costs of fertilization for all map units (Table 5). 
Yield responses associated with the third and fourth increases in N rate 
exceeded the marginal costs for all map units except for three, but they were 
not the same map units. There is little reason to believe that the observed 
differences between the soil map units should be considered reliable 
because the yield responses were small and because only very small 
percentage of the overall variance in yield response was explained by soil 
map units. Moreover, these areas were often too small to give an adequate 
number of observations and the numbers of observations were made within 
each soil map unit differed among years. In other words, it is unlikely that 
an "appropriate sample" of yield responses was collected from each soil map 
unit to collect ex-post EORs. 
The classification analyses illustrate a fundamental problem when 
trying to refine and estimate fertilizer needs for corn. The price ratio for 
grain and fertilizer is such that a yield response of 0.142 Mg N ha-1 (about 
2% of the yield level attained) must be detectable with a reasonable degree 
of certainty to determine whether a final increment of 28 kg N ha-1 should be 
applied. It takes a large number of observations to determine a yield 
response of this size with reasonable certainty, and it would take very large 
number of observations to identify an optimal rate to the nearest 10 kg N 
ha*1. 
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Recognition of this problem needs to be balanced with realization that 
there is no immediate practical need to identify ex-post EORs to the nearest 
kg N ha-1. It seems that collection of a few hundred to a few thousand 
observations of yield response at near-optimal rates of N fertilization over a 
few years should be adequate to identify ex-post EORs within a few kg N ha*1 
for any specified area. Collecting this number of observations from all areas 
of possible interest would be essentially impossible by using conventional 
methods. With the methods described here, however, producers could 
collect all the observations needed within a few years at relatively little cost. 
The data collected have little value, however, unless EORs are calculated 
and interpreted by using appropriate methodology. 
Two-treatment trials 
Field-scale trials that include only two rates of N in the near-optimal 
range seem to offer an efficient way to collect the large amounts of data 
needed to calculate ex-post EORs. Rates of N in the near-optimal range are 
all that is needed to calculate ex-post EORs from samples of yield responses. 
By restricting trials to only two rates, more observations of yield response 
can be made within any given area. This approach gives many practical 
advantages when conducting N response trials (Blackmer and Blackmer, 
2005c), but special attention needs to be given to the potential for greater 
spatial resolution when identifying areas that have important differences in 
EORs. When the trials cover large areas of soil, calculations of ex post EORs 
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for whole area and subdivisions provide a rational way to assess the profits 
associated with varying rates of N application in accordance with any given 
classification system. This approach makes it possible to search for 
classification systems that have the greatest ability to explain variability in 
EORs and assess the profits that result from each. 
The ability to search for the most efficient classification systems is 
important because this search may provide some unexpected results. The 
recent finding (Kyveryga et al., 2004) that soil pH and carbonates have great 
effects on losses of fall-applied anhydrous ammonia, for example, identifies 
new factors that should be considered. The finding (Balkcom et al., 2003; 
Hansen et al., 2004) that rainfall-induced losses of fertilizer N before plants 
grow is a major factor affecting N sufficiency levels in Iowa cornfields 
suggests that time and method of fertilization may be of primary importance 
when defining appropriate categories for calculation of ex post EORs. 
Interactions of management practices (including tillage and hybrid 
selection), weather, and soil characteristics offer a very large number of 
possible categories. Searches for the best possible categories need to 
continue as new knowledge is acquired and as management practices 
change with time. 
CONCLUSIONS 
The procedure for calculating meaningful ex post EORs should be 
broken into several steps; (i) define the range of conditions under 
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consideration, (ii) collect an appropriate sample of yield response 
measurements to represent this range, (iii) perform economic analyses to 
calculate ex post EORs for this sample of measurements, and (iv) explore the 
possibility that profits could be increased by dividing the sample of yield 
responses into two or more populations that have different ex post EORs. 
There has been no practical reason to distinguish between these steps in 
the past, but this distinction makes it possible to efficiently utilize the 
unprecedented amounts of yield response data that can be collected by 
using new technologies. 
When large numbers of observations are available, CDFs and 
incremental marginal analyses become simple and efficient tools for 
performing steps iii and v. These tools help address the problem of 
variability in yield responses; CDFs clearly illustrate the variability; the 
discrete marginal analysis makes it possible to focus on the variability of 
importance. The procedure recognizes that yield responses observed at 
rates significantly above or below optimal rates are unimportant and that 
variability in yield responses within samples is unimportant except when 
assessing the profitability of addressing this variability. Variability in yield 
responses is considered to be unimportant in the task of calculating ex post 
EORs unless it can be addressed by using information available at the time 
of fertilization. Errors caused by unimportant variability are minimized by 
calculating means of very large numbers of observations in Step iii. Step iv. 
is necessary to ensure that important variability is not overlooked in Step ii. 
The task of assessing the profitability of addressing variability in yield 
responses involves calculation of ex post EORs from samples of yield 
responses, but it must be distinguished from the task of calculating ex post 
EORs from these samples. When this distinction is made, calculation of ex 
post EORs for whole samples of yield responses and for subdivisions of this 
whole sample provides the basis for assessing the profitability of any system 
for dividing areas of soil into separate management units. The task of 
selecting the best system of dividing areas of soil may be more complex than 
generally believed due to interactions of soil properties and management 
practices. This task requires continuous analyses as new knowledge is 
acquired and management practices evolve. 
Simple economic analyses are meaningful even when only two rates of 
N are applied at near-optimal rates of fertilization. Two-treatment trials 
conducted over large areas of land, therefore, offer promise as a simple, 
objective, and effective way to generate the data most needed to calculate ex 
post EORs that provide a sound basis for calculating ex ante EORs (i.e., site-
specific rates of N fertilization that are most likely to maximize profits for 
producers in the future). Many of the difficulties associated with calculating 
ex ante EORs from ex post EORs may disappear if ex post EORs are 
calculated by the methods proposed 
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Classification boundaries 
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Figure 1. Schematic illustration of a 20-ha field with soil map units, grid 
cells, and rates of fertilizer N within grid cells. 
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Figure 2. Relationships between yields and rates of fertilizer N. 
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Figure 3. Relationships between discrete marginal products and rates of 
fertilization in the near-optimal range. 
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Figure 4. Cumulative distribution functions of yield responses for individual 
grid cells. 
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Table 1. Characterization of the fields studied. 
Field Soil association Major soil series (percentage of the area) Size 
ha 
1 Clarion-Nicollet -Webster Clarion (27), Webster (20), Canisteo (16), 22.5 
Coland-Spillville (15), Nicollet (12) 
2 Canisteo-Clarion-Nicollet Clarion (37), Canisteo(32), Okoboji (16) 18.4 
Nicollet (8), Harps (7), 
3 Canisteo-Clarion-Nicollet Clarion (51), Canisteo (10), Nicollet (10), 23.6 
Webster (10), Coland (8) 
4 Clarion-Nicollet-Webster Clarion (50.5), Webster (26), Canisteo 15.5 
(14), Coland-Spillville (8.5) 
5 Clarion-Nicollet-Webster Clarion (31), Nicollet (27), Webster (18), 13.2 
Canisteo (18) 
6 Brownton-Ottosen-Bode Brownton (40), Ottosen (26), Bode (25), 20.3 
Harps (5), Clarion (2) 
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Table 2. Confidence intervals (95%) for mean discrete marginal products calculated from 
mean grid cells (method 1) and from strip means (method 2). 
Fertilizer 
increment 
Method 1 Method 2 
Mean Widtht Mean Width 
56 to 84 
84 to 112 
112 to 140 
140 to 168 
56 to 84 
84 to 112 
112 to 140 
140 to 168 
56 to 84 
84 to 112 
112 to 140 
140 to 168 
33.2 
20.3 
14.5 
2.7 
-3.3 
-3.1 
-1.5 
5.2 
20.8 
12.1 
8.8 
3.6 
—kg kg" — 
First year 
3.2 
3.5 
3.5 
3.9 
3.2 
3.2 
3.2 
3.5 
2.8 
2.7 
2.7 
2.8 
Second year 
Two years 
29.8 
21.4 
13.4 
4.2 
-1.0 
-2.4 
-1.5 
4.9 
20.2 
14.0 
8.6 
4.4 
11.4 
10.6 
10.0 
13.4 
9.2 
15.2 
12.9 
9.0 
11.9 
10.7 
8.7 
9.4 
t Difference between the upper and lower limits of the confidence interval. 
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Table 3. Characteristics of cumulative distribution functions of yield responses. 
Increase in rate Median Inter quartile Cells below $gained/$spent 
of N yield response range break-even 
fertilization (Mean yield rate 
response) 
kgNha' Mg ha i % 
First vear 
56 to 84 0.958 (0.932) 1.02 16 6.74 
84 to 112 0.606(0.583) 1.04 28 4.21 
112 to 140 0.417(0.409) 1.04 35 2.95 
140 to 168 0.141(0.082) 1.12 50 0.98 
Second vear 
56 to 84 -0.122(-0.093) 0.75 68 -0.84 
84 to 112 -0.059(-0.085) 0.78 65 -0.42 
112 to 140 -0.053(-0.042) 0.82 62 -0.35 
140 to 168 0.127(0.146) 0.84 51 0.84 
Two years 
56 to 84 0.569(0.583) 1.29 34 4.00 
84 to 112 0.313(0.340) 1.07 40 2.18 
112 to 140 0.234(0.249) 1.02 44 1.61 
140 to 168 0.136(0.101) 1.02 50 0.98 
109 
Table 4. Efficiencyt of classification of yield responses over a 2-yr period. 
Classification Increments of N fertilizer 
54 to 84 84 to 112 112 to 140 140 to 168 
Year 25 11 6 0 
Soil series 4 0 0 0 
Soil map units 16 5 3 1 
•[Percentage of variance of yield responses explained by classification. 
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Table 5. Mean yield responses by classification classes for a 2-year period. 
Classification Classt Increments of N fertilizer 
54 to 84 84 to 112 112 to 140 140 to 168 
Year first (1563) 0.89 0.54 0.38 0.14 
second (950) -0.09 -0.09 -0.04 0.07 
Soil series 55 (165,90) 0.72 0.33 0.23 0.20 
107(150,112) 0.58 0.36 0.33 0.16 
138 (655,280) 0.73 0.38 0.29 0.09 
507 (275,138) 0.72 0.51 0.34 0.02 
Soil map 55 (165, 90) 0.72 0.33 0.23 0.20 
units 107(150,112) 0.58 0.36 0.33 0.16 
138B1 (432,183) 0.81 0.40 0.34 0.08 
138B2 (78,18) 0.28 0.14 -0.03 0.25 
138C2 (76, 31) 0.64 0.56 0.42 -0.06 
138D2 (130, 0) 0.61 0.24 0.13 0.15 
507 (275,138) 0.72 0.51 0.34 0.02 
f Number of grid cells in the first year and in the second year. 
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CHAPTER V. GENERAL CONCLUSIONS 
New methodology was developed for calculating ex post EORs of 
fertilization from many measurements of corn yield response to N in trials 
with precision farming technologies. This methodology makes clear 
distinctions between ex post and ex ante EORs and between variability in 
yield responses that is, and is not, important when calculating ex post 
EORs. Discrete marginal analysis and cumulative distributions functions of 
yield responses are used to identify break-even rates of fertilization and 
rates that give the desired level of profit for the last increment of N. 
Calculating ex post EORs by the method proposed requires several 
steps; (i) define the range of conditions under consideration, (ii) collect an 
appropriate sample of yield response measurements to represent this range, 
(iii) perform economic analyses to calculate ex post EORs for this sample of 
measurements, and (iv) explore the possibility that profits could be 
increased by dividing the sample of yield responses into two or more 
populations that have different ex post EORs based on information available 
at the time of fertilization. 
The new method for calculating ex post EORs seems well suited for 
the task of evaluating classification systems for ability to address spatial 
variability in yield responses because the EORs can be calculated when two 
near-optimal rates of N are applied across large areas of land. Such trials 
give greater spatial resolution and greater ability to search for unrecognized 
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factors that may be important when dividing large areas of soil into smaller 
areas that should be managed differently. This approach also is well suited 
to the task of analyzing large amount of data collected over many years to 
address temporal variability in yield responses when estimating N fertilizer 
needs for corn. The methods, therefore, seem to have unique potential for 
helping Iowa crop producers refine estimates of N fertilizer needs and, 
therefore, minimize economic and environmental problems associated with 
N fertilization. 
